A major UK initiative, entitled 'Mapping the Underworld' aims to develop and prove the 11 efficacy of a multi-sensor device for accurate remote buried utility service detection, location 12 and, where possible, identification. One of the technologies to be incorporated in the device is 
INTRODUCTION

1
There is a requirement to be able to detect object buried at a shallow depth, typically 1-2m, in 2 the ground. Typical target objects of interest include buried infrastructure (Royal et al., 2011 Vibro-acoustic techniques offer performance in media in which electromagnetic alternatives 5 struggle and, furthermore, have the potential to image differences in mechanical, rather than 6 electromagnetic, impedance. Vibro-acoustic techniques are thus worthy of development as 7 they have the potential to complement the more mature existing imaging technologies.
8
Previous work (Muggleton et al, 2008 (Muggleton et al, ,2011 addressed the detection of plastic water pipes in 9 situations where access to some part of the pipe could be gained at the ground surface.
10
Although successful, the access requirement limits the wider potential of this technique. A 11 prior feasibility study, however (Muggleton et al, 2006) , also identified a second deployment 12 strategy -direct excitation of the ground. When the ground is mechanically excited, waves 13 will propagate away from the excitation point. Depending on the form of excitation, different 14 wave types will be excited in the ground and these waves can be detected, depending of 15 course on the frequency. Furthermore, they will be scattered by objects, such as pipes and 16 cables, whose mechanical properties are different from the soil, even if they are buried several 17 metres deep, provided that the object is larger than about half a wavelength. Detection and 18 analysis of the scattered waves, in principle, allows the pipes/cables to be accurately located.
19
Acoustic imaging in the ground is historically associated with hydrocarbon exploration. This 20 application has been successful in deep imaging of geological layers to reveal the location of 21 hydrocarbon deposits. The imaging methods are usually based on the common depth point
22
(CDP) stack technique (Schnieder, 1984) , which employs time domain stacking. An 23 impulsive source is used along with multiple sensors whose time histories are summed, after 24 accounting for propagation delays, to form an image. However, these methods cannot be 25 directly scaled to shallow depths due to a variety of problems. These include the much shorter 
3
The detection of objects buried at a shallow depth has had comparatively little attention.
4
Notable attempts to detect buried objects at very shallow depths (<10 cm) using Rayleigh 
16
At this stage the work sits firmly in the research arena. The authors do not claim that 17 the technique in its present form could be integrated into a device which could be 18 deployed successfully in an urban environment; rather, it is our intention to 19 demonstrate its potential and reveal some of the underlying physical processes in 20 play.The paper is organised as follows: section 2 gives a description of the fundamentals of 21 the experimental method, the signal processing adopted along with an enhancement for use in 
13
If an impulsive source has been used (e.g. hammer strike) then the measured time histories (4) into Equation (3) gives the form used for implementation:
Using the estimated wavespeed the value of the cross-correlation functions at times were input/output SM-24's, which were attached directly into an eight channel Prosig P-8000 10 data acquisition unit.
11
For all the experiments, the ground was excited horizontally with an inertial shaker in order to 12 preferentially excite horizontally polarized shear waves; to give some directionality, 13 elongated contact with the ground was achieved using the inertial shaker attached to a rake.
14
The rake was placed in the ground so that the motion of the shaker was parallel to the pipe, Moreover, in using shear waves rather than compressional waves as previously (Papandreou 
9
The shaker and rake assembly was positioned at each geophone location in turn, thus enabling 10 the stacking to be performed over 49 (7 x 7) source-receiver position combinations. The 11 excitation signal was a swept sine from 10Hz-400Hz, over approximately 2 minutes, using a 12 1000Hz sampling rate.
13
Measurements were made along three lines on the ground surface traversing the pipe at right- 
19
For all three sets of measurements, no difference in the results was observed between using 20 the form of cross-correlation given in equation (2) and that including the shaker input voltage 21 as an additional reference as given in equation (7). This is as anticipated given that the
22
Blithfield site was an extremely quiet environment in which to make measurements.
23
In contrast, the effect of using the smoothed coherence transform is clearly evident. Figure 7 
24
shows the cross-sectional images corresponding to those in figure 5 , without performing the 25 pre-whitening using the SCOT. What is evident here is that, although a clear dark area can be 26 13 seen in each plot, the resolution achieved from the contributions of higher frequencies is 1 absent. This can be seen more clearly with reference to figure 8. Figure 8a (note the log scale) 2 shows the magnitude of the integrand of equation (7) with the weighting functions, , set to 3 unity, for an example source/receiver pairing. It can be seen that, without pre-whitening, only 4 frequencies around 90Hz will contribute to the integrand as the magnitude tails off extremely 5 rapidly away from this frequency. Figure 8b shows that the phase, however, contains useful 6 time delay information for most of the frequency range of interest, from around 25Hz-400Hz. 
11
C Experiments to locate buried cast iron service pipes
12
The test site used for these experiments was at Blagdon, owned by Bristol Water. The (2) and (7) respectively for an example source/receiver pairing for the water-filled pipe.
6
Examination of the figures reveal that the effect of using an additional voltage reference in the 7 integrand of equation (7) is two-fold: firstly, at frequencies below approximately 30Hz, the 8 signal is dominated by environmental noise, most probably originating at the pumping station, 
13
IV. DISCUSSION & CONCLUSIONS
14
The 
17
Furthermore, combining data from other technologies will mitigate some of the 18 uncertainties associated with the wavespeed.
19
 The technique described in this paper is, in essence, a two-dimensional one. In 20 practice, outside of a controlled test environment, it is possible that the pipes to be 21 detected will not lie perpendicular to any given measurement plane (although, for the 22 most part, they tend to run parallel or perpendicular to road or pavement edges). Modified cross spectra, as used in the integrands of equations (2) and (7), source at location 1, 
